Introduction
X-ray and neutron scattering techniques have become well-established in the field of nondestructive structural analysis of structural biopolymer materials such as wood and silk. The high sensitivity of diffraction methods to the crystalline properties of wood cellulose and of the protein nanocrystals in silk as well as to the fibrillar morphology of those composite materials has contributed to the success of such investigations. It is difficult, however, to access the embedding disordered matrix with diffraction; here, locally sensitive techniques, particularly inelastic neutron scattering, provide valuable complementary information.
Experiments using conventional X-ray generators (i. e., sealed tubes or rotating anodes) are limited by the available X-ray flux. The largely increased flux available at synchrotron radiation sources makes it possible to carry out time-resolved in situ experiments e. g. during mechanical tests of specimens. The reaction of the biomaterial's nanostructure to mechanical stress thus becomes directly accessible. Furthermore, synchrotron radiation has a very low divergence enabling focusing of X-rays using various optical devices down to micrometre beam size and below. In microdiffraction experiments, the nanostructure is accessible via the atomic resolution of X-ray diffraction and the microstructure via scanning of the sample through the X-ray beam with microscopic position resolution. These parameters are even obtained simultaneously in a single experiment. -Neutron scattering experiments obviously involve the use of large scale facilities as well, i. e., the neutron sources (nuclear reactors or accelerator-based spallation sources). Their combination with e. g. mechanical tests in situ is possible by using specialised sample environments and by relying on the high neutron beam stability in combination with negligible beam damage induced by neutrons, making longer exposure times possible.
The aim of the current article is to demonstrate the possibilities of using synchrotron radiation and neutron scattering techniques in the materials science of wood and silk. After introducing the materials and highlighting the importance of scattering experiments to determine many aspects of their structure, we will give an example of how the local structure of wood cells on a nanoscopic level can be probed by focused synchrotron radiation. This is followed by the presentation of an in situ tensile test experiment on single wood cells, giving insight into the deformation mechanisms of this unique material. A similar X-ray scattering experiment on silk fibres provides access to an understanding of silk as a nanocomposite material. We will show how neutron scattering provides complementary information, in particular with respect to the disordered structures in this protein fibre. The high sensitivity of neutrons for hydrogen and the contrast variation by hydrogen-to-deuterium exchange is crucial in this context.
Structure of silk and wood
Like almost all structural biological materials, silk and wood are semicrystalline nanocomposites. Chemically, they are entirely based on organic polymers. Silk strands (baves) produced by the silkworm Bombyx mori are paired individual fibres (or brins) cemented together and coated by the protein sericin. Removing sericin (degumming) with warm water yields single fibres of about 10 µm in diameter consisting almost entirely of the protein fibroin. The natural spinning process leads to the aforementioned composite morphology with ordered regions (β-sheet protein nanocrystals) embedded in a less stiff matrix of disordered material.
[1] All dimensions of the nanocrystals are below 10 nm.
[2] To date, artificial spinning of fibroin does not reproduce the native nanostructure and thus not the unique mechanical properties combining high tensile strength with superior extensibility.
[3]
In the case of wood, the cells walls are made of a number of different polymers. The crystalline units of cellulose are called microfibrils. Their size is characteristic for a given plant species and may also vary between different cell wall layers. In the case of softwood, typical microfibril sizes of around 3 nm laterally (i. e., perpendicular to the chain direction)
are found in the secondary walls, whereas the length of the crystals may be of the order of 100 nm. [4] Lateral microfibril dimensions are slightly smaller in primary cell walls. [5, 6] The cellulose microfibrils are embedded in a matrix of pectin, other polysaccharides (hemicelluloses) and lignin. The latter is characteristic for woody material and establishes strong cross links between the components of the wood cell wall. The high specific tensile strength of wood is a result of its complex composite architecture. -In both materials, the water content plays a major role in determining the mechanical properties. Only the embedding matrix is accessible to water. [7] Despite their completely different biosynthesis, the nanocrystals in silk and the cellulose microfibrils in wood, respectively, are similarly arranged in a more or less parallel fashion. A specific crystallographic axis of all crystals is well aligned in a particular direction. There is, however, no preferred orientation of the other directions. [8] In crystallographic terms, this arrangement of the crystals is called a fibre texture and is observed in many nanocrystalline biological systems. Usually, a fibre texture is imperfect in the sense that there is some variation of the fibre axis direction around a mean orientation.
Wood is structured on an additional hierarchical level. The parallel cellulose microfibrils in the secondary cell wall layers are wound in a helical fashion around the wood cell. The angle of the microfibril helix with respect to the longitudinal cell axis is called microfibril angle (MFA). A very small MFA thus means that the microfibrils are running more or less in the direction of the cell axis. The relation between mechanical properties and MFA has been proven by combining the results of tensile tests and X-ray scattering experiments.
[9] The larger the MFA, the smaller is the stiffness of the wood tissue and the higher is its extensibility.
X-ray diffraction diagrams of silk and wood are dominated by the contribution of the respective fibroin and cellulose nanocrystals to the scattering signal. The fibre texture mentioned above leads to characteristic fibre diffraction diagrams (see e. g. inset in Figure 3 for silk). They contain in particular information on lattice constants (Bragg's law), crystals sizes (Scherrer formula) and crystallinity.
[10] A combination of X-ray diffraction experiments in situ with mechanical tests allows for the determination of the dependence of the nanocrystalline structure and morphology on external load. A deformation of the crystalline lattice becomes manifest in changes of the position of the respective Bragg reflections according to Bragg's law. Any changes of the nanocrystal orientation, including the microfibril angle in wood, will alter the azimuthal reflection profiles in the diffraction pattern as outlined above.
The chemical and structural complexity of the wood cell wall and of silk means that a single analytical method will always reveal only limited information about certain aspects of the system. In the case of X-ray diffraction from nanocrystals, this inherent limitation is used as an advantage, as pointed out above. The related techniques of small-angle X-ray (SAXS) or neutron scattering (SANS) do not require structural order on the atomic level but rather a density contrast on a length scale of roughly 1 to 100 nm for an analysable signal. We will not discuss the application of SAXS for the investigation of wood here; the reader is referred to the respective publications. [11, 12, 13] In combination with hydrogen exchange, we will show that SANS contributes further to the understanding of silk morphology.
An adequate method to address the question of the structure of the disordered phase of nanocomposites by mainly probing the predominant hydrogen bonds is provided by neutron time-of-flight spectroscopy. This method gives information on vibrational modes in the millielectronvolt energy transfer range. Thus, while most other spectroscopic techniques are restricted to the centre of the Brillouin zone, neutron spectroscopy probes microscopic dynamics as a function of length scale. In addition, a (neutron) diffraction pattern is recorded in situ and visualises any structural changes as a function of tensile strain. The assignment of detectable motions to corresponding structures is of special value in samples with the complexity of biological material. Further, neutron spectroscopy can be enhanced by a selective deuteration of the samples and thus applying contrast variation techniques; this has been reported for cellulosic materials. [14] In the particular case of wood and silk, predominantly only the amorphous regions are accessible to guest molecules like water. [7, 15] A residual deuteration is possible by immersing the samples in heavy water and a subsequent drying process.
[14]
X-ray Diffraction experiments on wood with high spatial resolution
It is not within the scope of this article to give a review of X-ray microfocusing techniques.
The development towards the first dedicated X-ray microfocus experimental stations at synchrotron radiation sources has been outlined by Riekel. [16] Only synchrotron radiation sources produce X-ray beam with a sufficiently low angular divergence in order to focus the X-rays down to micrometre size beams. [17] Various techniques have successfully been used for producing micrometre size foci or even smaller ones down to 50 -10 nm. [18, 19, 20, 21] However, there are certain requirements for an X-ray microbeam to be used in diffraction experiments. First of all, the total flux in the (small) beam cross section has to be high enough to obtain a diffraction diagram within reasonable time (a few seconds would be desirable). Grenoble) . [22] The sample was oriented with the tracheid cell axis parallel to the beam. The illuminated volume should include only one cell wall layer. As the cellulose microfibrils are tilted by the microfibril angle (MFA ≈ 20° in this case) against the beam, the abovementioned fibre diffraction geometry (fibre axis perpendicular to the beam) is no longer ensured. Taking into account the actual scattering geometry, it can be shown that the resulting diffraction patterns are no longer symmetric to the meridian of the diagram: [8, 23] E. g., the equatorial reflections move in azimuthal direction away from the equator but stay still symmetric with respect to the meridian. [23] In other words, the angular difference of the maxima on the azimuth is no longer 180° as it should be for the usual fibre geometry. As the reflection maxima move in opposite directions of the diagram, depending on whether the fibre is tilted towards or away from the beam, not only the tilt angle with respect to the beam (which, in the case of the side walls of an individual tracheid, is the MFA) but in addition the direction of the tilt is reflected in the diffraction pattern. The in situ combination of mechanical tests with structural investigations on a molecular level is clearly a domain of X-ray diffraction using synchrotron radiation. The limiting cases of well-oriented cellulose (MFA ≈ 0°) in flax fibres [24] and of compression wood slices with large MFA > 45°[ 25] have provided very valuable information on (i) the mechanical properties of individual microfibrils and (ii) the behaviour of the embedding matrix. In "normal" wood with an MFA of about 20°, the interplay between these two structural parameters should determine its mechanical properties. Indeed, microfibril deformations of the order of 0.3 % [26, 27] and moderate changes of the microfibril orientation in general [13, 26, 27, 28] have been reported for thin slices of softwood xylem tissue. A model for the mechanics of the wood cell wall, based on the above experimental findings, is not available yet. As the precision of synchrotron radiation X-ray diffraction in situ experiments is continuously improved -this is essential in view of the minute effects to be measured -, considerable progress can be expected in the near future.
Single tracheid deformation experiments combined with X-ray microbeam diffraction experiments help distinguishing between collective deformation mechanisms in the tissue and those of a single wood cell. An example is shown in Figure 2 . [29] The experiment was again [30] It usually breaks down at higher strain in case of intact wood tissue.
[29] -Our work on a comparison of the behaviour of wood slices and single tracheids is still in progress.
In situ X-ray and neutron scattering experiments on silk
In the case of silk, the stiffness difference between the nanocrystals and the embedding matrix is less pronounced than in wood. The observed deformation of the crystals in the direction of an external tensile stress may thus reach up to 2 %; these lattice parameter changes (of the 002 fibroin reflection, see inset in Figure 3 ) can be measured with a high precision. An in situ Xray diffraction experiment was carried out at Beamline A2 (HASYLAB, DESY Hamburg).
Data of the macroscopic stress-strain curve of a bundle of dry silk fibres are plotted together with the microscopic lattice strain in Figure 3 . Again (see above, Figure 2 ) the two curves can be scaled according to the Reuss model. Their agreement is excellent, in particular, the bend of the stress-strain curve, the so-called yield point at the transition from purely elastic to plastic deformation, is found in the lattice strain data as well. The scaling factor between the two curves, i. e. the linear factor between the microscopic crystal strain and the external stress (assumed to be isotropic within the composite according to the serial arrangement of crystalline and disordered regions in the Reuss model) is the Young's modulus of the nanocrystals. Its value of (26.5 ± 0.8) GPa is in good agreement with previously published data. [31, 32, 33] Even deeper insight in the composite nature of dry silk can be gained by combining the in situ X-ray diffraction results with viscoelastic measurements on single silk fibres.
[34] Viscoelastic and purely elastic properties of the embedding disordered matrix can be separated, leading to a combined elastic modulus of the crystalline and disordered regions. As those could be modeled by a serial arrangement (see above), an elastic modulus of 6.3 GPa was obtained for the amorphous matrix, about a factor of four smaller than the crystal stiffness. The relaxing modulus (6.6 GPa) in the viscoelastic model is in striking agreement. A complete description of the silk fibre as a viscoelastic nanocomposite could be achieved for the first time.
Still, it would be very interesting to learn more about the nature of the disordered regions in silk and about the morphology of the composite. Small-angle scattering could, as pointed out before, be a useful technique to probe the morphology on mesoscopic length scales. However, the required contrast between the crystalline and amorphous regions on silk seems to be weak both for X-rays (SAXS) and for neutrons (SANS). In particular, SAXS was not able to reveal any periodic structures along the fibre axis.
[35] For a SANS experiment, the contrast can be enhanced by partial deuteration of the water-accessible disordered regions. [15] By immersion in heavy water (D 2 O) all protons in polar groups (mainly hydroxyl and amide groups) can be exchanged to deuterons with a markedly different scattering cross section for neutrons. [36] Experiments were carried out at the instrument SANS-2 (Geesthacht Neutron Facility GeNF, GKSS) with some of the very last neutrons provided by the FRG-1 research reactor. The result for wet silk fibre bundles is shown in Figure 4 . The contrast variation makes distinct intensity in fibre direction visible, the position of the intensity maxima yields a periodicity of (7.2 ± 0.2) nm clearly visible. Such a structure was for the first time observed in silkworm silk.[] Its observation should have major impact on the development of models for the deformation mechanisms in silk; the analysis of in situ tensile test experiments using a stretching device for experiments in controlled humidity atmosphere is under way.
Finally, a so far non-standard experiment on silk with inelastic neutron scattering (INS) shall be reported. As already pointed out, this technique is sensitive to the molecular configuration of the fibroin. By using the same contrast variation technique as for SANS (selective deuteration) the contribution of the inaccessible and thus not H-D exchanged disordered regions can be enhanced in by calculation difference spectra. The principle had previously been demonstrated on various cellulose samples and had revealed the universality of the disordered surface chains of cellulose microfibrils. [14] In an experiment at the cold neutron spectrometer IN6 (ILL Grenoble) the technique was in situ combined with a tensile test. Surprisingly, the difference spectra of stretched and undeformed dry silk fibres were found indistinguishable. [37] This can be interpreted in terms of rubber or entropic elasticity where the molecular configuration remains unchanged and only order is increased upon stretching. Such a model had already been postulated for spider silk.
[38]
Synchrotron radiation X-ray diffraction and neutron scattering techniques are powerful tools for investigating the hierarchical structure of structural biological materials such as silk and wood. Focusing down synchrotron radiation to microbeams makes it possible to obtain information locally with position resolution as good as 100 nm, i. e., better than optical resolution. In the near future, the routinely available nanofocus X-ray beams will provide excellent perspectives for more detailed experiments on the layered cell wall structure. A further strength of scattering techniques in general is the easy combination with advanced sample environments such as stretching devices, controlled humidity cells or their combination, enabling non-destructive in situ experiments. The dependence of structural parameters on the applied stress has already helped to link nanostructure and mechanical properties. Scattering techniques will thus significantly contribute to a deeper understanding of wood and silk mechanics on a molecular level. The new information is expected to inspire new man-made composite materials, which can in turn be investigated with the same methods. 
Fig. 1. Azimuthal equatorial reflection intensity profile from a

